Synthesis of the Pseudomonas aeruginosa aliphatic amidase was repressed severely by succinate and malate and less severely by glucose, acetate or lactate. Amidase synthesis in inducible and constitutive strains was stimulated by cyclic AMP, which also gave partial relief to catabolite repression produced by the addition of lactate to cultures growing in pyruvate medium. Mutants which were resistant to catabolite repression were isolated from succinate + lactamide medium. Pseudomonas aeruginosa utilizes citrate in preference to glucose (Ng & Dawes, I 973). Succinate and other intermediates of the tricarboxylic acid cycle are in general more effective than glucose in repressing the synthesis of inducible enzymes of P . UerUginOSd. This may be related to the aerobic nature of this organism and the predominance of the tricarboxylic acid cycle as the terminal sequence of most of the convergent catabolic pathways. Brammar & Clarke ( I 964) showed that amidase synthesis is subject to catabolite repression, and in this and the following paper we describe the effects of various compounds on amidase synthesis in the wild-type P . deruginosd strain PACI and in mutants with alterations in regulator or structural genes concerned with amidase synthesis or activity.
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Media. Cultures were maintained on Oxoid nutrient agar. Minimal salt media containing various amides were prepared as described by Brammar, Clarke & Skinner (1967) , and Brown, Brown & Clarke (1969) .
Growth conditions. Small volumes were grown in 5 mi of nutrient broth or minimal salt medium in Universal screw-cap bottles. Larger volumes were inoculated with 2 % (w/v) of an overnight culture in the same medium and grown in conical flasks of capacity at least five times the medium volume. Bacterial dry weight was determined by relating the extinction at 670 nm to a standard curve. Differential rates of amidase synthesis were measured in cultures which had reached the exponential phase of growth. Inducer was added if necessary and after a suitable period (30 to 60 min after the addition of inducer) the culture was split into the required number of pre-warmed flasks, some containing the test compound and one acting as a control. Inducer and compounds being tested as repressors were added to give a final concentration of 10 mM. Samples (I ml) were removed at intervals and kept on ice until the end of the experiment. All cultures were grown at 37 "C. Cyclic AMP experiments. All these experiments were carried out with small volumes of culture. The exponentially-growing cultures (4 to 6 ml) were divided between two or three 25 ml conical flasks and incubated in a shaking water bath. Samples (0.1 ml) were removed and assayed directly. Cyclic AMP was neutralized with NaOH just before it was added to the growing bacteria. Adenosine cyclic 3',5'-monophosphoric acid was obtained from Sigma.
Amidase dSSayS. The enzyme was assayed by the transferase reaction using the method of Brammar & Clarke (1964) modified when necessary according to the size and activity of the sample.
R E S U L T S
The eflect of carbon source on growth rate and amidase synthesis Amidase can be induced by substrate amides, e.g. acetamide, or non-substrate amides, e.g. N-acetylacetamide, in minimal salt medium containing succinate or pyruvate as the major carbon source for growth. The differential rate of synthesis by the wild-type strain PACI , induced by N-acetylacetamide, during exponential growth in pyruvate medium is 4-to 5-fold greater than that in succinate medium. When succinate (10 mM) is added to cultures growing in pyruvate medium, which have already been induced, the synthesis of amidase is reduced by more than 90 % within 3 min. This rapid repression of amidase synthesis occurs also with mutants which synthesize amidase constitutively, so cannot be due to inhibition of inducer uptake. The rapid and severe repression produced by the addition of succinate to cultures growing in pyruvate medium is similar to the severe transient repression of P-galactosidase synthesis produced by glucose in E. coli induced with isopropyl-P-D-thiogalactoside in glycerol medium (Moses & Prevost, 1966) . Many other compounds were found to repress amidase synthesis in pyruvate medium, and this was usually accompanied by an increase in the growth rate of the culture (Table 2) . Glycerol, which supports a mean generation time of 3-5 h when present as the sole carbon source, was able to reduce the mean generation time of the culture from is25 to 0.9 h with a 50 % reduction in the differential rate of amidase synthesis. Succinate and malate were the most effective repressing compounds for the inducible wild-type strain and for the constitutive mutants PACIOI and PACI I i . Although succinate has the effect of reducing the rate of amidase synthesis of pyruvate-grown cultures to a very low level, it must be emphasized that when cultures have been grown throughout in succinate medium the differential rate of amidase synthesis is reasonably high, reaching about 20 % of that in pyruvate medium.
Brammar & Clarke ( I 964) found that repression of amidase induction in succinate medium by propionate could be partially relieved by the addition of higher concentrations of acetamide as inducer. It was clear that the repressing compounds were not exerting a specific effect on amidase synthesis but were affecting it indirectly by disturbing the metabolic balance of the cell.
Transient catabolite repression of P-galactosidase by glucose continues for 0 -i to 0.5 of a generation and is followed by a long period of less severe repression (Moses & Prevost, 1966) . Repression of amidase synthesis in pyruvate medium by 10 mM-succinate continues for several hours, but if succinate is added at lower concentrations then the rate of synthesis returns to a high rate as soon as the succinate has been utilized (Fig. I) . Repression is as severe with 2 3 mM-and 5 mwsuccinate as with 10 mM-, but the duration of repression is much shorter. At the end of the period of severe repression the culture returns to a rate of amidase synthesis higher than the control rate. Catabolite repression of amidase 85 the period of 30 0 4 repression was followed by a brief overshoot period, when the rate of synthesis was higher than the control, and finally the culture returned to the same differential rate as the control (Fig. 2) .
The need to metabolize the repressing compound to produce an eflect The experiments with succinate and glucose indicated that the repressing compound only produced its effect on amidase synthesis while it was being metabolized. Since acetate was a fairly good catabolite repressor when it was added to the pyruvate-grown cultures, it was thought that an inducible strain, which could metabolize acetamide and acetate, would be induced by acetamide and repressed by the acetate formed as the result of enzyme action. Constitutive strains would also be expected to be repressed by acetamide in the same way and this effect was expected to be most marked in pyruvate medium. Table 3 shows that the constitutive strain P A C I I I was repressed by acetamide and that the repressed rate was the same as that of the wild type induced by acetamide. Strain PAC509 is an amidase-inducible strain which is defective in acetic thiokinase and cannot grow on acetamide or acetate as carbon source. This strain was induced by acetamide to the same rate of amidase synthesis as that of the constitutive strain PACIII in the absence of acetamide. This experiment indicated very clearly that acetate had to be metabolized to produce the repressing effect, but was complicated by the necessity to induce amidase synthesis in strain PAC509. A new strain, ~~~5 6 6 , was constructed which was constitutive for the synthesis of a mutant amidase. This carried the acetic thiokinase mutation, a mutation in the amiR gene conferring constitutivity and a mutation in the amiE gene determining the mutant B amidase (Brown et al. 1969 ). It was constructed by transducing the B amidase mutations from PAC351 (~6 ) into strain PAC509. The transductants could be selected on butyramide plates, since although they were unable to grow on acetamide or acetate they could grow on butyramide or butyrate. Table 4 shows that while strain PAC351, which can grown on acetamide and acetate, is as sensitive as the constitutive strain PACIII to repression by acetate, the acetic thiokinase mutant ~~~5 6 6 is not repressed by either acetate or acetamide. We conclude that acetate must be metabolized to produce catabolite repression.
Isolation of catabolite repression-resistant mutants
Lactamide is a good inducer of amidase synthesis but is a very poor substrate. It is possible to select mutants which have varying degrees of resistance to catabolite repression of amidase synthesis, from plates containing lactamide as the nitrogen source and a repressing compound such as succinate, malate or glucose as the carbon source (S/L, M/L or G/L plates). On these media the wild-type strain PACI and most constitutive mutants grow very slowly, and mutant catabolite repression-resistant clones are readily isolated. Some of them have altered growth characteristics which are immediately obvious. For example, strain P A C I~I (MI) was completely resistant to catabolite repression by succinate or malate when growing exponentially in pyruvate medium and induced by N-acetylacetamide. The addition of succinate or malate did not result in an increase in the growth rate, as occurred with the wild-type strain (Fig. 2) , and hence mutant MI probably has a mutation affecting the rates of succinate and malate metabolism. All the mutants isolated from S/L plates showed some degree of resistance to catabolite repression when the differential rate of amidase synthesis was measured in pyruvate medium in the presence and absence of succinate. This could be correlated with the amidase specific activities of the strains after overnight growth in succinate medium. Although wide variations in the specific activities of cultures which have reached, or are about to reach, the stationary growth phase are inevitable for an enzyme whose rate of synthesis is so dependent on the metabolic state of the cell, it was found in practice that by standardizing the medium and growth conditions it was possible to get reasonably consistent values for cultuTes tested on many different occasions. Table 5 and the specific activity of strain PAC142 (LIO) is usually greater than 100. Although lactate represses amidase synthesis of cultures growing in pyruvate, when it is used as the sole carbon source for growth, repression is much less ; lactate-grown cultures after overnight growth are similar in specific activities to those grown in pyruvate medium. Some of the mutants isolated from the wild type on S/L plates were both resistant to catabolite repression and constitutive. Strain PAC142 was tested for linkage of these two markers but while the constitutivity marker was cotransduced with the amidase structural gene at the usual high frequency of >90 % (Brammar et al. 1967) , there was no cotransduction of the catabolite repression-resistance marker. It appeared that this strain had simultaneously acquired two different mutations. Strains PAC148 (CIL~) and mutants CIILI to C I I L~~ were analysed similarly and no linkage could be found between the catabolite repression-resistance marker and the constitutivity mutation for the amidase genes.
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The efect of c-AMP Cyclic AMP has been shown to stimulate the rate of synthesis of P-galactosidase and to overcome catabolite repression by glucose in E. coli (Pastan & Perlman, 1968) . It was thought that it might have a similar effect on inducible enzymes of P. aeruginosa. It was found in preliminary experiments that the severe catabolite repression of amidase synthesis produced by succinate was not relieved by 30 mM-c-AMP. There were no complicating effects of enzyme inhibition since c-AMP did not inhibit amidase activity of cell suspensions even at a concentration of 0.3 M, but it could not be ruled out that succinate may have inhibited uptake of c-AMP. Botsford & deMoss (1971) found that in glycerol medium c-AMP could relieve the rather weak catabolite repression of tryptophanase resulting from the addition of glucose, but not the severe repression produced by pyruvate. It was therefore thought possible that c-AMP might relieve the mild catabolite repression of amidase produced by compounds other than succinate.
Lactate produces 45 to 55 % repression of amidase synthesis of the wild-type PACI and the constitutive strain P A C I I I grown in pyruvate medium (Table 2) . Thirty mM-c-AMP stimulated the differential rate of N-acetylacetamide-induced amidase synthesis of strain PACI and also the constitutive synthesis of strain PAC] I I. This concentration of c-AMP gave partial relief of lactate repression in both strains. Figure 3 shows the behaviour of the constitutive strain PAC I I I. In this particular experiment the differential rate increased by about 25 % with the addition of 30 mM-c-AMP but in other experiments the increase varied from 15 to 40 %. The stimulation by c-AMP was concentration-dependent and even at 30 mM the system was clearly not saturated (Fig. 4) . This suggested that the cells were relatively impermeable to this compound, but attempts to increase cell permeability by adding EDTA were unsuccessful since this strain lyses very easily. Amidase synthesis of the inducible strain PACI was stimulated to about the same extent by 30 mM-c-AMP, and lactate repression was relieved by about the same amount as for strain PACI I I. The same experiments were carried out with another inducible strain, PAOI (Holloway, I 955) , and constitutive mutants derived from it, with similar results. Thus, the c-AMP effect was not strain dependent.
The level of c-AMP in the cell depends on a number of factors, one of which is the rate of breakdown by phosphodiesterases (Sutherland & Rall, I 958). Aboud & Burger (1971) showed that the c-AMP diesterase of E. coli is inhibited by theophylline and that I mMtheophylline potentiated the stimulation of P-galactosidase synthesis by c-AMP in glycerol medium. Theophylline (I mM) had a similar effect in increasing the stimulation of the rate of amidase synthesis of strain P A C I I I by c-AMP. Dibutyryl c-AMP and 5'-AMP had no effect on amidase synthesis by this strain.
DISCUSSION
The term 'catabolite repression' has been used here in a very general sense to describe the effect of various carbon compounds in reducing the amount of amidase synthesized by P. deruginosd. The methods used to demonstrate catabolite repression include : (i) comparison of amidase specific activities of cultures after overnight growth in succinate or
